INTRODUCTION
Ticodendron incognitum, a dioecious or polygamodioecious species that occurs in Central America, was first described as a new species in 1989 (Gómez-Laurito & Gómez, 1989) and is the only species in the new family Ticodendraceae of the Fagales (Gómez-Laurito & Gómez, 1991; Hammel & Burger, 1991) . Since then, the Ticodendraceae have been considered to be closely related to the Betulaceae based on the morphology of the leaf architecture (Hickey & Taylor, 1991) , wood and bark anatomy (Carlquist, 1991) , structure of sieve element plastids (Behnke, 1991) , floral morphology (Tobe, 1991) and pollen morphology (Feuer, 1991) . Molecular analyses showed that the Ticodendraceae are sister to the Betulaceae and together form a common clade with the Casuarinaceae in the Fagales (Manos & Steel, 1997; Li et al., 2002 Li et al., , 2004 .
In a series of previous papers, we reported diverse modes of pollen tube growth in pistils of the Fagales: Casuarinaceae (Sogo, Jaffré & Tobe, 2004a; Sogo et al., 2004b) , Betulaceae (Sogo & Tobe, 2005) , Myricaceae (Sogo & Tobe, 2006a, b) and Fagaceae (Sogo & Tobe, 2006c) . In the Fagales (at least in the Betulaceae, Casuarinaceae, Fagaceae and Myricaceae), fertilization is delayed for a period between 2 weeks and 15 months after pollination as a result of the retarded development of ovules or embryo sac(s) (Benson, 1894; Swamy, 1948; Stairs, 1964; Boavida, Varela & Feijo, 1999; Williams, Friedman & Arnold, 1999 ; for a review see Sogo & Tobe, 2006c) . During the period when fertilization is delayed after pollination, pollen tubes temporarily stop growing in the pistil and thus grow intermittently in three, four or five steps, in close association with the development of the ovules and/or embryos sacs (Sogo et al., 2004b; Sogo & Tobe, 2005 , 2006a . Chalazogamy, in which the pollen tube passes through the chalaza rather than the micropyle (the latter mode is called porogamy and is typical of most angiosperms), is known in the Betulaceae (e.g. Nawaschin, 1893; Benson, 1894; Finn, 1936) , Casuarinaceae (e.g. Treub, 1891; Swamy, 1948; Maheshwari, 1950; Sogo et al., 2004a, b) and Juglandaceae pro parte (e.g. Nawaschin, 1895; Nast, 1935; Luza & Polito, 1991) . In light of the relationships within the Fagales, we postulated how the fertilization mode evolved from porogamy to chalazogamy and from chalazogamy to pseudoporogamy (in which the pollen tube reaches the nucellus before the micropyle is formed) (Sogo and Tobe, 2006b) . Tobe (1991) showed that the ovules of Ticodendron exhibited retarded development compared with that of the stigmas. This suggests a probable delay in fertilization (Stevens, 2006) , raising questions about how pollen tubes grow within a pistil of Ticodendron and whether the fertilization mode is porogamy, chalazogamy, pseudoporogamy or an unknown mode. As Ticodendron is phylogenetically assigned to the same clade as the Betulaceae and Casuarinaceae (Li et al., 2004) , both of which show chalazogamy (for review see Sogo & Tobe, 2006b) , Ticodendron is also likely to display chalazogamy. This, however, requires confirmation, as the Betulaceae and Casuarinaceae have similar modes of pollen tube growth in the pistils but differ in the details of pollination. The question then arises as to the mode of pollination in Ticodendron compared with that in the Betulaceae and Casuarinaceae.
In this paper, we present a study of pollen tube growth in pistils of T. incognitum. Compared with pistils of the other Fagales, those of Ticodendron have a thicker style and a thicker integument and contain vascular bundles (Tobe, 1991) , which makes it difficult to observe the pollen tubes in a pistil using standard clearing methods. The technical difficulties were overcome by drawing on our previous experience with other families, which led to an understanding regarding the mode of pollen tube growth in pistils of Ticodendron. In addition, we discuss the similarities and dissimilarities in the mode of pollen tube growth in the other families of Fagales and evolutionary trends in fertilization mode, particularly with respect to chalazogamy.
MATERIAL AND METHODS

Female inflorescences of Ticodendron incognitum
Gómez-Laurito & Gómez P. were collected at Alajuela and Puntarenas, Costa Rica (Haber & Bello 6840, 6868, Haber & Cruz 7286, Haber 9809, MO) and fixed in formalin-acetic acid-alcohol (FAA; five parts stock formalin; five parts glacial acetic acid; 90 parts 50% ethanol).
To observe the growth of pollen tubes in a pistil (stigma, style and ovule), each pistil was cut longitudinally into two halves in a solution of 50% ethanol. The pistil halves were cleared in 0.01% sodium hypochlorite (NaClO) at approximately 20°C overnight. After rinsing two or three times in water, the pistil halves were macerated in 1 N NaOH at 60°C for 1 h. Pollen tubes within the pistils were stained with 0.5% aniline blue in 0.1 N K3PO4 for 2 to 3 h and observations were made under a fluorescence microscope (Olympus BX-51; Olympus, Tokyo, Japan).
To observe the pollen tubes in the upper part of the ovary, the above-mentioned clearing methods could not be used because the ovary wall is too thick and contains too many tannins to be successfully cleared. Instead, serial longitudinal microtome sections of the ovary were made. Although this method caused segmentation of pollen tubes into different microtome sections, we could determine where and how pollen tubes exist in the ovary tissue by carefully correlating the sections under a microscope. For microtome sectioning, pistils were dehydrated through a t-butyl alcohol series, embedded in Paraplast and sectioned to a thickness of 7 or 8 mm. The sections were stained with aniline blue and observed under a fluorescence microscope.
To observe ovule and embryo sac development, paraffin sections of pistils were also prepared. The sections were stained with Heidenhain's haematoxylin, safranin and fast green FCF and mounted in Entellan (Merck, Darmstadt, Germany). To examine pistil fine structure, pistils were embedded in Technovit 7100 after dehydration through an ethanol series. Technovit resin was polymerized at 4°C overnight and kept at 60°C for 2 days. Serial sections, cut to a thickness of 6 mm, were stained with Heidenhein's haematoxylin and mounted in Entellan.
The diverse fertilization modes were mapped on a phylogenetic tree of the Fagales using MacClade version 3.04 (Maddison & Maddison, 1993) . The phylogenetic tree was adapted from Li et al. (2004) . All the character states were unordered, unpolarized and unweighted and missing values were scored as '?'.
RESULTS
Pollination of Ticodendron flowers occurs in midMarch. Female flowers just after pollination have a single, bicarpellate pistil that is terminated by two elongate stigmas 10-12 mm long (Fig. 1 ). The part of the stigma that can receive pollen grains is probably limited to the uppermost section because the lower part of the stigma is densely covered with hairs and thus did not appear to be receptive to pollen grains. The ovary is about 4.0-5.0 mm wide and divided by a septum into two locules, each of which has two pri-mordial ovules (Fig. 2) . Each ovule had a small nucellus and a single integument that had just been initiated (Fig. 3 ), but sporogenous cells were not yet differentiated in the nucellus. Thus, fertilization is obviously delayed in Ticodendron as in other members of the Fagales (Sogo & Tobe, 2006c) . Table 1 gives the number of pistils that had a pollen tube tip at particular positions after pollination, showing where and when the pollen tubes were present in growing pistils or ovules. Although a large number of pistils were sampled, only a few were suitable for observation of pollen tubes because of difficulties in applying clearing methods to such thick tissues (see MATERIAL AND METHODS). After germinating on the stigma surface, some pollen tubes grew straight down into tissue of the lower part of the stigma and reached the style (Figs 4,  5) . The exact number of pollen tubes could not be determined because part of a pollen tube was often cut (see pollen tubes on the left side and in the centre in Fig. 5 ) and separated into two halves when the style was longitudinally sectioned into halves. Nevertheless, on the basis of a total of 17 styles examined, it was possible to estimate that 5-10 pollen tubes reached the style. The tips of the pollen tubes appeared to be somewhat swollen (see tip of the pollen tube on the right side in Fig. 4) . As the 17 pistils all had the pollen tubes whose tips remained within the style (Table 1) , it seems that the pollen tubes ceased growing in the style precisely at its base, before reaching the ovary.
Although the time taken to complete pollination was unclear, when the ovary expanded to between 6.0 and 8.0 mm in width, the stigmas withered, starting from their tips (Fig. 6) . The ovules were still young but became anatropous (Fig. 7) and had a megaspore mother cell in the nucellus (Fig. 8 ). When the ovary had developed to about 12-15 mm in width (Fig. 9) , ovules completed meiosis of the megaspore mother cell to form a linear tetrad of megaspores (Figs 10, 11) . In two of six such pistils, that is, with ovules between the megaspore mother cell stage and the megaspore tetrad stage, the tips of the pollen tubes still remained within the style (Table 1 ). In two other pistils, one or two pollen tubes were found in tissues in the upper part of the ovary and were branched and/or formed a zigzag pattern (data not shown in the micrograph because the pollen tubes were only observed in serial microtome sections; see MATE-RIAL AND METHODS). In the remaining two pistils, one or two pollen tubes were profusely branched on the surface or in the tissue of the funicle (see Figs 13, 14) .
In a few pistils, the deepest in the tetrad of megaspores developed successively into the one-, two- (Fig. 12) and four-nucleate embryo sac in the nucellus. In 10 such pistils examined, one or two pollen tubes were profusely branched on the surface (Fig. 13) or inside the funicle ( Fig. 14; Table 1 ). It was noticeable that the funicle that connects the ovule to the placenta was massive and as thick as the entire length of a developing ovule (Fig. 10, see Figs 3, 7) . In a total of 12 pistils examined that had pollen tubes on the surface or inside the funicle, eight pistils had a single pollen tube and four pistils had two pollen tubes.
During the period when the pistils were still about 12-15 mm wide, at least one of the four ovules reached maturity (Fig. 15) . The embryo sac was globular and had eight nuclei in seven cells (cf., Polygonum type; Fig. 16 ). In such a mature ovule, a single pollen tube grew from the funicle through the chalaza to the nucellus (Figs 17, 18 ; Table 1 ). The pollen tube meandered at the chalaza as if it had lost its way (see arrows in Fig. 17) . Therefore, although this was only observed in one pistil (Table 1) , the pollen tube seems to have reached the chalaza before the embryo sac matured. The pollen tube grew from the chalaza upward, along the periphery of the embryo sac and entered the embryo sac from the micropylar side (Figs 19, 20) . No case was observed in which the pollen tube entered the embryo sac from the antipodal or chalazal side. Thus, only one of the four ovules in the ovary was fertilized and fruits were always one-seeded.
DISCUSSION MODE OF POLLEN TUBE GROWTH IN TICODENDRON
As described above, the ovary was still immature at the time of pollination in Ticodendron incognitum. Even when several pollen tubes grew down into the tissue of the stigma and style, the four ovules in the ovary showed no sign of differentiation in sporogenous cells. As in Fagus japonica, which also had such an immature ovary at the time of pollination (Sogo & Tobe, 2006c) , the ovary of T. incognitum seems to require at least four more weeks to become mature enough for fertilization. During this period, the tips of the pollen tubes were first found in the style, subsequently in the tissue of the upper part of the ovary, then inside and/or outside of the funicle and finally at the chalaza of the ovule. The pollen tubes were branched and/or had a zigzag form at these sites, except in the style. As has been discussed for other members of the Fagales (Sogo & Tobe, 2005 , 2006a , such morphological change indicates that the pollen tubes lost their way and temporarily ceased growing.
Hence, in T. incognitum, the pollen tubes are likely to have grown intermittently in a five-step process, with four cessation sites: in the style, in the tissue of the upper part of the ovary, inside and/or outside of the funicle and at the chalaza (Fig. 21) . In the first step, the number of pollen tubes was reduced to one or two per pistil. The pollen tubes reached the surface of the funicle (from which a single pollen tube penetrated the ovule) in only one of the four ovules in the pistil. In the fifth and final step, the pollen tube reached the embryo sac from the chalaza, after passing through the nucellus along the periphery of the embryo sac. Fertilization is thus chalazogamous in Ticodendron. Reduction in the number of pollen grains from many to one, as well as reduction in ovules fertilized, is a phenomenon that has been reported in other Fagales (Sogo et al., 2004a, b; Sogo & Tobe, 2005 , 2006a . Thus, in Ticodendron, as well as in other Fagales, delayed fertilization and intermittent pollen tube growth in pistils both play a role (Figs 13, 14) . Fig. 6 . Pistil with withering stigmas. Scale bar, 5 mm. Fig. 7 . Longitudinal section (LS) through an older ovule. Note that a single integument completely surrounds the nucellus. Scale bar, 100 mm. Fig. 8 . Magnified view of the portion of the ovule enclosed by a rectangle in Figure 7 , which shows a megaspore mother cell. Scale bar, 20 mm. Fig. 9 . Pistil with older ovules. Scale bar, 5 mm. Fig. 10 . LS of an older ovule. Scale bar, 200 mm. Fig. 11 . Magnified view of the portion of the ovule enclosed by a rectangle in Figure 10 , which shows a linear tetrad of megaspores in which the chalaza megaspore is functional and the three other megaspores (arrows) are degenerating. Scale bar, 20 mm. Fig. 12 . LS of the ovule with a two-nucleate embryo sac. Scale bar, 20 mm. 
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in male and female gametophyte selection (Sogo et al., 2004b; Sogo & Tobe, 2005 , 2006c .
COMPARISONS OF THE MODE OF POLLEN TUBE GROWTH IN RELATED FAMILIES
A similar mode of pollen tube growth has been reported in other Fagales: Casuarina equisetifolia (Casuarinaceae; Sogo et al., 2004b) , Alnus firma and A. sieboldiana (Betulaceae; Sogo and Tobe, 2005) , Myrica rubra (Myricaceae; Sogo and Tobe, 2006a) and Fagus japonica (Fagaceae; Sogo and Tobe, 2006c) . These species all showed delayed fertilization after pollination and intermittent growth of pollen tubes in pistils in three (M. rubra, F. japonica), four (A. firma, A. sieboldiana) or five steps (C. equisetifolia; see Fig. 22 ). In Casuarina, Alnus, Myrica and Fagus, the pollen tubes stopped growing in a total of five sites: in the style, in the upper region of the ovarian locule, on the funicle, near the micropyle and at the chalaza or on the nucellar surface (Sogo & Tobe, 2006c ; see also Fig. 22 ).
When compared with other Fagales, Ticodendron resembles both Casuarina (Casuarinaceae) and Alnus (Betulaeae) in the position and number of cessation sites of the growing pollen tubes and resembles Casuarina (Casuarinaceae) in having an identical five-step process (Fig. 22) . Alnus, with a four-step process, lacks a cessation site at the funicle (Fig. 22) . These results are concordant with the phylogenetic relationships among the Casuarinaceae, Ticodendraceae and Betulaceae obtained from molecular analyses (Manos & Steel, 1997; Li et al., 2002 Li et al., , 2004 . Therefore, the mode of pollen tube growth in pistils reflects a characteristic of the phylogenetic lineage of the Casuarinaceae, Ticodendraceae and Betulaceae in the Fagales. Thus far, we have accumulated data on the mode of pollen tube growth for five of the eight families of the Fagales (Sogo et al., 2004a, b; Sogo & Tobe, 2005 , 2006a . Studies on the remaining families, that is, Juglandaceae, Rhoipteleaceae and Nothofagaceae, would allow us to make an extensive comparison and evaluate how the mode of pollen tube growth has evolved, which would also reflect the phylogenetic relationships in the order Fagales.
THE EVOLUTION OF CHALAZOGAMY IN THE FAGALES
A noticeable feature in the mode of pollen tube growth in Ticodendron was that fertilization was chalazogamous, as expected from previous studies. Except for Pistacia in the Anacardiaceae (Sapindales) (Copeland, 1955; Grundwag, 1976; Shuraki & Sedgley, 1997; Martínez-Pallé & Herrero, 1998) , the record of chalazogamy has been restricted to the Juglandales: Juglandaceae pro parte (Nawaschin, 1895; Billings, 1903; Nawaschin & Finn, 1913; Woodroof, 1928; Langdon, 1934; Nast, 1935; Sartorius, Stösser & Anvari, 1984; Luza & Polito, 1991) , Betulaceae (Nawaschin, 1893; Benson, 1894; Nawaschin, 1899a, b; Benson, Sandy & Berridge, 1906; Wolpert, 1910; Finn, 1936; Dahl & Fredrikson, 1996; Sogo & Tobe, 2005) and Casuarinaceae (Treub, 1891; Frye, 1903; Swamy, 1948; Barlow, 1958; Sogo et al., 2004a, b;  Table 2 ). In contrast, within the Juglandales, porogamy has been reported from the Juglandaceae pro parte (Schanderl, 1964) and the Fagaceae (Benson, 1894; Hjelmquist, 1953; Boavida et al., 1999; Nakamura, 2001; Sogo & Tobe, 2006c ; Table 2), the latter of which is phylogenetically a basally diverging family in the Fagales (Li et al., 2002 (Li et al., , 2004 . Figure 23 is an improved diagram of information presented in a previous paper (Sogo & Tobe, 2006b) , emphasizing the distribution of chalazogamy in a phylogenetic tree of the Fagales [data of the outgroups Hamamelis and Celtis were obtained from Mathew (1980) and Dottori (1994) , respectively]. The figure shows that porogamy is a plesiomorphy in the Fagales, although this has yet to be confirmed in Nothofagus, and that chalazogamy is an apomorphy Sogo and Tobe, 2006c) , Ticodendron (this study), Casuarina (Casuarinaceae; Sogo et al., 2004b) , Alnus (Betulaceae; Sogo and Tobe, 2005) and Myrica (Myricaceae; Sogo and Tobe, 2006a) . gained once in a common ancestor of the Juglandaceae, Rhoipteleaceae, Myricaceae, Betulaceae, Ticodendraceae and Casuarinaceae. Chalazogamy, concomitant with delayed fertilization and/or intermittent pollen tube growth in pistils, may have evolved in response to the requirement for a nutrition source by the pollen tubes remaining within a pistil for a long period before fertilization and after pollination (Sogo & Tobe, 2006b ). This fertilization mode is now strictly preserved in a lineage of the Casuarinaceae, Ticodendraceae and Betulaceae, all possessing anatropous ovules with a massive chalaza. In other lineages of the Myricaceae, Rhoipteleaceae and Juglandaceae, chalazogamy is found together with porogamy in the Juglandaceae pro parte (Nast, 1935; Luza & Polito, 1991) . In the Myricaceae (at least in Myrica), pseudoporogamy is known in which pollen tubes arrive on the nucellar surface before the micropyle is formed, that is, independent of the micropyle as found in chalazogamy (Sogo & Tobe, 2006b ).
We have yet to investigate the Juglandaceae, other genera of the Myricaceae and Rhoiptelea to observe how fertilization is performed with or without using the chalaza. 
